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Abstract
Recent incidences ofmass livestockmortality, known as dzud, have called into question the
sustainability of pastoral nomadic herding, the cornerstone ofMongolian culture. A total of 20million
head of livestock perished in themortality events of 2000–2002, and 2009–2010. Tomitigate the
effects of such events on the lives of herders, international agencies such as theWorld Bank are taking
increasing interest in developing tailoredmarket-based solutions like index-insurance. Their ultimate
success depends on understanding the historical context and underlying causes ofmortality. In this
paper we examinemortality in 21Mongolian aimags (provinces) between 1955 and 2013 in order to
explain its density independent cause(s) related to climate variability.We show that livestockmortality
ismost strongly linked towinter (November–February) temperatures, with incidences ofmass
mortality beingmost likely to occur because of an anomalously coldwinter. Additionally, we find
prior summer (July–September) drought and precipitation deficit to be important triggers for
mortality that intensifies the effect of upcomingwinter temperatures on livestock. Our density
independentmortalitymodel based onwinter temperature, summer drought, summer precipitation,
and summer potential evaporanspiration explains 48.4%of the total variability in themortality
dataset. TheMongolian index based livestock insurance programuses a threshold of 6%mortality to
trigger payouts.We find that on average forMongolia, the probability of exceedance of 6%mortality
in any given year is 26%over the 59 year period between 1955 and 2013.
1. Introduction
Climate and society are inextricably linked [1], for
example, droughts impact agricultural productivity
and lead to food shortages [2]. In semi-nomadic
Mongolia, the connection between climate, human,
and animal populations is exceedingly clear. The land
features a varying topography and a continental
climate, with long and harsh cold winters, short warm
summers, and low annual precipitation,most ofwhich
falls between the months of June–August (figure 1).
Mongolia is vulnerable to extreme climate events, and
is often affected by episodes of anomalously cold
winters and droughts. Such climatic extreme events
are particularly deleterious to livestock (goat, sheep,
cattle, camel, horses), and often cause high mortality,
and are known locally as ‘dzud’ (or ‘zud’- зуд) [3–6].
This term is unique to pastoral communities in
Central Asia, and can be caused by a combination of
summer drought, heavy snowfall, and high winds in
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concurrence with extremely low winter temperatures
which combine to cause unsustainable conditions for
animal survival [4]. Mortality is caused by a combina-
tion of starvation because of being unable to graze and
access fodder due to heavy snow, ice or drought,
freezing due to extreme cold temperature, exposure to
storms and wind, and a weakened immune system
response due to exposure [4, 5, 7].
Livestock numbers in Mongolia rose precipitously
following the collapse of the Soviet Union in the 1990s
(figure 2). This indirectly increased the vulnerability of
herders and livestock to climate extremes [8, 9]. Four
mass mortality events have occurred since 1999 and
have thrown many Mongolians into a period of great
economic hardship and poverty. Three events occur-
red in successive years between 2000 and 2002. During
this period livestock numbers declined drastically,
from over 33 million head in 1999 to 23 million in
2003. This led many herders to migrate to urban cen-
ters and join the ranks of the urban poor [10].
Recently, during the exceptionally harsh winter of
2009–2010, livestock numbers were again severely
Figure 1.Map ofMongolia showing (a). Names of aimags (provinces) (b). Elevation (meters) (c). November–February (NDJF)mean
averagemonthly temperature (°C) (1951–2011).Mean averageNDJF temperature for all ofMongolia is−19 °C (d). June–August
(JJA)meanmonthly precipitation (mm/month) (1951–2012), also showing Southwest toNortheast increasing gradient of
precipitation. 75%of annual precipitation over the country occurs in JJA.
Figure 2.Total livestock density per square kilometer (cattle—blue, sheep—red, goat—yellow, horses—purple and camel—green)
across 21Mongolian aimags between 1954 and 2014.Herd size increases drastically after the 1990s dissolution of the SovietUnion
following herd de-collectivization (see section 3.1).Note varying scale and that yak is counted as cattle in the annual census [13].
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impacted, and dropped by 9.7 million animals or 20%
and in some areas, herders were left without a single
animal [8].
Mongolian society has historically been herding-
based and nomadic. Even now, herding provides the
primary source of income formanyMongolians. Agri-
culture, 80% of which is accounted for by herding, is
the second largest contributor to the economy after
mining. It accounts for about 19% of the national
GDP, but employs a disproportionately large (36%) of
the working population [11, 12]. With such a large
percentage of the working population and their kin
depending directly on herding for their primary
source of income, understanding the linkages between
climate, droughts, dzuds, and livestock mortality is
vital if they are to be successful in adapting to andmiti-
gating the impacts of extreme climate on their live-
stock and livelihoods.
Interest in building societal resilience to dzud and
extreme climate has grown significantly both among
public and private institutions through programs such
as index-based insurance. While evidence of aca-
demics writing about index-based insurance spans
nearly 100 years (e.g [14]), global programs to imple-
ment them in developing nations outside of India
began only about 15 years ago [15]. The first ever
index-based livestock insurance program (IBLIP) tar-
geted at providing financial solution to herders facing
climate-related livestock deaths was started by the
Government of Mongolia via a World Bank loan in
2005 [11, 16, 17]. The IBLIP was institutionalized with
the passage of legislation only recently in the summer
of 2014. Overall, such programs have shown promis-
ing results [11, 18–20]. Yet, their preparedness faces a
number of challenges. Key among them is the lack of
scientific understanding of the history of past events
and the forcingmechanisms behind them (e.g. climate
variability and change, varying ground conditions
such as pasture quality and snow character-
istics) [20, 21].
The index in the current program uses past popu-
lation statistics to inform about livestock loss risk and
determine exceedance threshold for payouts [22]. The
IBLIP program pays indemnities to insured herders
when adult mortality in a localized area exceeds a cer-
tain specified threshold (most commonly 6%). A sup-
posed advantage of such a program is that it
incentivizes herders to minimize individual losses, as
payments are based on area losses and not on indivi-
dual losses [16]. In other words a herder is rewarded
for their competitive success in minimizing losses vis-
à-vis other herders when local regional mortality is
high. This program is based purely on past livestock
population statistics and is not ‘weather-based index
insurance’ where evolution of climatic variables are
also tracked and payouts triggered based on the excee-
dance of certain climatic thresholds. The reason for
this decision was that climatic drivers (and ecological
drivers such as pasture health) were determined to be
too complex to model, and data available was of sub-
standard quality [22]. However, as climate is one of the
factors that implicitly drive the population statistics
used in the IBLIP we think it is a worthwhile exercise
to try and directly model the direct impact of climate
on mortality. We undertake this here in this study.
More details about IBLIP can be found at http://iblip.
mn, and in [11, 16, 22, 23]
In this paper we analyze annual livestock data col-
lected by the Government of Mongolia from all 21
aimags, available from 1954 to 2014. The data is col-
lected in a comprehensive livestock census conducted
every December by the National Statistical Office of
Mongolia (NSO). We use the data to understand the
spatial and temporal variability of dzud damage, and
the physical relationships between climate variability
and livestock mortality to further the information
available for planners and decision makers to develop
mitigation strategies. We build a linear regression
model using a stepwise regression framework to
understand the overall influence of climate (tempera-
ture, drought, precipitation, and potential evapo-
transpiration) as a density independent driver of
mortality.
1.1.Dzuds and droughts
Mongolian herders commonly classify dzuds into
five types depending on the characteristics of the
severe winter weather: (1) white dzud, deep heavy
snow and cold temperatures; (2) black dzud, freezing
temperatures and the absence of surface water and
forage; (3) combined dzud, deep snow with a sudden
drop in temperature; (4) iron dzud, impenetrable ice
cover over the forage area; and (5) storm dzud, high
winds and heavy snow [5, 7, 24]. Due to the lack of
reliable wind and snow data for Mongolia, differ-
entiating between dzud types for an extended period
of record is not possible. Since cold winters are a
prerequisite for any kind of dzud, here we use the
term dzud to refer to a cold winter that results in
livestock loss.
Apart from cold winters, droughts also affect live-
stock [7]. Droughts (extended periods of deficient
rainfall [25]) deplete pasture, emaciate animals, and
result in increased vulnerability to harsh winters [24].
Begzsuren et al [7] found that, in the Gobi Three
Beauty National Park, dzud (defined as a cold winter
which causes high mortality) and not drought is the
dominant cause of mortality, but droughts exacer-
bated the effect of dzud on livestock. Sternberg [26],
also suggests that in the Southern Gobi, droughts and
dzuds are decoupled in their impact on mortality.
Here we use a combination of both instrumental and
proxy based drought datasets, along with gridded pre-
cipitation and potential evapotranspiration datasets to
conduct these analyses.
3
Environ. Res. Lett. 10 (2015) 074012 MPRao et al
2.Methods and data
2.1.Data
Climate data for temperature, precipitation and
potential evapotranspiration was derived from the
University of East Anglia, Climate Research Unit
(UEA, CRU) Ts 3.21 dataset [27]. Palmer Drought
Severity Index (PDSI—[25]) comes from the Cook
et al, Dai et al, Schrier et al, datasets [28–30]. TheNSO,
Government ofMongolia (http://nso.mn), undertakes
the annual census of livestock. The data collected in
this census is used to calculate mortality. Elevation
data used in figure 1(b) was extracted from the
National Oceanic and Atmospheric Administration
1 km Digital Elevation Model [31] which was down-
loaded from the International Research Institute for
Climate and Society/Lamont-Doherty Earth Observa-
tory (IRI-LDEO) climate data library (http://iridl.
ldeo.columbia.edu).
2.2. Percentagemortality
The feed requirement of each type of livestock is
different. To standardize for this requirement, live-
stock numbers were first converted to equivalent
‘sheep forage units’ (SFU). 1 SFU expresses the feeding
requirement of 1 sheep for one year (365 kg yr−1 or
805 lb yr−1 of forage) [32]. Following this convention
of treating different livestock on a forage equivalency
basis, each livestock head was converted to an
equivalent number of SFU as follows: 1 sheep—1 SFU,
1 camel—5 SFU, 1 cattle—6 SFU, 1 horse—7 SFU, 1
goat—0.9 SFU [32, 33]. Percentage mortality for each
aimag was then calculated as the ratio between the
total SFU that died in a particular year and the total
SFU at the beginning of that year. Figure S1 shows the
percentagemortality in each of the aimags individually
between 1955 and 2013.
2.3. Principal components analysis
To examine the broad spatial pattern of variability in
the mortality data we performed an unrotated princi-
pal component analysis (PCA— [34]) on the percen-
tage mortality data for each aimag between 1955 and
2013 calculated in section 2.2. The data used is the
percentage mortality for each aimag on a ‘SFU’ basis,
with time as an independent variable and percentage
mortality as a dependent variable. The PCA therefore
tells us about the dominant patterns of covariability in
the mortality data. The overall variance explained by
the first, second and third PCs were 55.8, 13.8 and
8.5% respectively (total 78.1%).Mortality in aimags of
Western andCentralMongolia show a positive loading
for Empirical Orthogonal Function 1 (EOF1), while
aimags of Eastern Mongolia load negatively on EOF2.
Figure S2 shows the loadings coefficients of for EOFs 1
through 3 for the mortality data in each aimag, the
corresponding variance explained, and the PC 1
through 3 time-series respectively.
2.4. Climatemean, and livestock population trends
CRU [27] climate data between 1951 and 2012 was
averaged for November–February (NDJF) tempera-
ture, and June–August (JJA) precipitation respectively.
This average is shown in figures 1(c), and (d). Raw
livestock numbers for cattle, sheep, goat, horse and
camel, in each aimag between 1954 and 2014 were
downloaded from the NSO website for each aimag.
These numbers were converted to livestock density, by
dividing this value by the area of the corresponding
aimag (in km2). The livestock density for each aimag
between 1954 and 2013 is plotted in figure 2. Percen-
tage livestockmortality data based on SFU for the years
1968, 2000, 2001, and 2010 are shown infigure 3.
To create figure 4(a) percentage mortality in SFU
for each aimag calculated was plotted (in dotted lines)
between 1955 and 2013. The averaged percentage
mortality for each aimag of Mongolia is plotted as the
solid black curve. A linear trend line was then fit to this
curve and added to the plot. Figure 4(b) shows a box
plot with the interquartile range (IQR), and outliers in
the mean mortality data. Figure 4(c) shows the prob-
ability density estimate of the mean mortality for each
of the 21 aimags (dotted lines), and mean mortality
(solid black), based on a normal kernel function. The
cumulative distribution function (cdf) of mean mor-
tality is shown infigure 4(d).
To determine the relationship between mortality
and climate (temperature, PDSI, precipitation, and
potential evapotranspiration) we calculated monthly
correlations between the two for a period spanning
from prior year January to current year December.We
found the strongest relationship between temperature
and mortality for the months of November through
February (NDJF). Based on this result, figure 5(a) was
created by computing a point-by-point Pearson corre-
lation between mean NDJF temperature for each lati-
tude–longitude grid point in the domain from the
CRU [27] dataset and average percentagemortality for
all of Mongolia. Correlations where P> 0.05 (2-sided
test for n= 59, 1955–2013) are masked in the figure.
Temperatures from the CRU dataset for a gridbox
only covering Mongolia were then averaged for NDJF,
and correlated withmortality in each individual aimag
(figure 5(b)) and then plotted against the percentage
mortality averaged for all of Mongolia (figure 5(c)).
Both timseries were converted to ‘zscores’, by sub-
tracting out their mean and dividing by their respec-
tive standard deviations. Using a similar procedure we
found that PC1 of July through September (JAS) pre-
cipitation that loaded negatively on all of Mongolia
(figure S5) showed the highest positive correlation
with mortality (figure 5(d)). For figure 5(d), June–
August (JJA) PSDI from the Cook et al [28] dataset was
averaged for the years 1999–2001. Similarly we also
tested the relationship between PDSI, and PET as pre-
dictors of mortality, and found that JAS PC1 and PC3
of both PDSI, and PET correlated positively withmor-
tality (figures S6–S7).
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2.5. Stepwisemultiple regressionmodel
Analyzing all the months that showed the highest
correlation with mortality we determined that NDJF
temperature, and prior year PC1 and PC3 of JAS
precipitation, PDSI, and PET might be potential
predictors ofmortality. Using this result, we developed
a stepwise multiple regression model using each of
these climate timeseries as potential predictors for
mortality.We included interaction terms, and squared
terms in our model that was built separately for each
aimag. The final model was chosen when the Akaike
information criterion (AIC) score was minimized.
The adjusted R squared from the model fit of actual
mortality is shown in figure 6, and the final model for
each aimag is listed in table S1. Figure S9 shows the
model fit of mortality against the actual recorded
mortality. Adjusted R squared values were higher
when AIC was used instead of the Bayesian informa-
tion criterion.
2.6. Assumptions and caveats
(1) For the purposes of this study we treat our study
region (Mongolia) as a non-equilibrium system. A
non-equilibrium system is one where ecosystems
and plant productivity are influenced by climate
alone, and not through density dependent
feedbacks such as herbivore grazing [35, 36].While
Fernandez‐Gimenez and Allen‐Diaz [13] con-
cluded that non-equilibrium systems do in fact
persist over the Mongolian desert-steppe and
steppe, they find that the mountain-steppe ecosys-
tem behaves along the lines of the conventional
range conditionsmodel.
There is no doubt that (population) density
dependent factors impactmortality through feedbacks
such as rangeland deterioration and disease [37–41].
However, the objective of this paper is only to examine
the impact of climate as a density independent driver
of livestock mortality. Hence, we do not consider, for
example, the impact of over grazing, or stationary ver-
sus nomadic rearing practices onmortality.
The scale of our study is at the aimag level. Most
Mongolian aimags span an area greater than
60 000 km2. Additionally, the resolution of the mor-
tality data used here is annual. Due to this spatial and
temporal resolution of our study we are unable to
resolve mortality caused by increasing herd size, inex-
perienced herders, and loss of pastureland to compet-
ing interests. In addition to this livestock densities vary
vastly between aimags (figure 2), and pasture dynam-
ics too vary considerably over different ecosystems
(e.g. Gobi—desert, grassland steppe, and forests).
Figure 3.Total percentagemortality of livestock in an aimag for that year as recorded by a census inDecember formajor events in
1968, 2000, 2001 and 2010.
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Hence it is not possible to ascribemortality to any par-
ticular event (e.g. a single snow storm) that might
cause local spikes in mortality. At regional scales of
analysis these factors definitely play a role in influen-
cing mortality, and at times might be more important
than cold winters and summer drought, but even in
such cases their influence is over and on top of the
impact of broad scale climate onmortality.
(2) We assume that reported mortality is related to
climate, disease or other factors like predation and
not due to old age. This is because in herding
communities livestock are usually slaughtered
before they die of old age, and these deaths are not
counted in the census. The census specifically only
counts ‘un-natural’ death. We do not analyze the
impact of disease and predation here.
(3)We assume that as eachherder tries tomaximize
their success, mortality reported is due to an
externality (e.g. drought, climate, predation, hun-
ger) and not due to a herder taking insufficient care
of their herd.
(4) Mortality data is compiled in December of each
year. Therefore, observed mortality can be either a
factor of the prior year or current year’s climate, in
this case prior year drought, and winter
temperatures.
(5)No information is available on the age structure,
or sex ratio of the herd. Therefore, it is not possible
to determine if certain groups are more vulnerable
to climate variability than other groups.
(6)We do not have an estimate of the uncertainties
inmortality data. Therefore, in this studywe cannot
correct any induced biases in mortality data due to
incorrect reporting.
3. Results
3.1. Trends in livestock density (1955–2014)
The livestock data show increasing total livestock
densities (per sq. km), especially since after the
collapse of the Soviet Union in the 1990s (figure 2).
During this period a transition to private ownership of
herds was made, and the restrictions placed during the
post 1960s era of collectivized herding were aban-
doned [42, 43]. The abandonment of collectivization,
removal of related restrictions, and the sudden loss of
state sponsored livelihoods which caused people to
return to the traditional practice of herding, were the
main reasons responsible for the increase in livestock
populations (also see [42, 43], and chapter 5 in [44]).
Today over 95% of livestock is privately owned, and
the greatest increases have been in the number of sheep
and goats, due to a growing cashmere industry
[39, 45, 46]. Among the different livestock species,
Figure 4. (a) Percentagemortality (1955–2013) across each of the 21 aimags (dotted black), andmortality averaged across all aimags
(bold black), with best-fit linear trend line. Insurance payouts by the index-based livestock insurance program (IBLIP) at the soum
(county) level are triggeredwhenmortality exceeds 6%. (b) Boxplot showing interquartile range (IQR) andoutliers formean
mortality data (bold black line frompart (a). (c) Probability density estimate based onnormal kernel function for each of the 21 aimags
(dotted black), andmean (sold black), and (d) is the estimated cumulative distribution function (cdf) of themeanmortality. Parts (b),
(c), and (d), show that lowmortality of∼3.7% ismost common, but highmortality i.e. >10%has non-negligible probability.
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camel numbers have traditionally been low across
aimags and have been declining consistently since the
mid-1950s. The decrease in the number of camels is
mostly a result of the increasing availability of
motorized transport to move camps, carry baggage
and pull carts [39]. The density of sheep, the most
commonly reared livestock animal, is highest in the
North central and North Western aimags of Ovor-
khangai, Tov, Bulgan, Arkhangai, Khovsgol, Zavkhan,
and Uvs. The density is much lower in the South
central, and Eastern aimags of Omnogovi and Dorno-
govi, probably because of the much drier climate
regime prevalent in this region (figure 1(c)).
3.2. Spatial and temporal patterns ofmortality
(1955–2013)
Overall, barring the recent high mortality years of
2000–2003, and 2009–2010, during the 57 year record
there has been a steady decline in mortality when
averaged across all aimags (linear trend in figure 4(a)).
One reason for this decline could be the unusually
extended period of warmer than normal weather
conditions between 1988 and 1998 (see next section
on climate and mortality). Another contributing
factor for the decrease is the de-collectivization of
herds leading to a greater incentive among herders to
avoid mortality. However, this de-collectivization was
Figure 5. (a)Map showing spatial pattern of correlation betweenNovember and February (NDJF) tomean temperature andmean
percentagemortality timeseries (p< 0.05, 2-sided t-test, 1955–2013). Red-positive correlation, blue-negative correlation. An inverse
relationship is seen betweenmean percentagemortality andNDJF temperatures. (b) Correlation betweenNDJF temperature and
mortality in each aimag. Correlations are significant when the absolute value isgreater than 0.26 (2-sided t-test, n=59). (c) Timeseries
of standardized anomalies ofmean livestockmortality, andNDJFmean temperatures (r=−0.44, p= 0.0005, 1955–2013, 2-sided
t-test). Grey bands indicate anomalously coldwinters with coincidedwith highmortality events. Note that eachNovember–February
mean temperature ismarked according to the calendar year starting January. For example, themean temperatures betweenNovember
1955-February 1956 is referred to as 1956. (d) Same as (b) but for PC1 for July–September (JAS) precipitation of the prior year (e).
Spatial pattern of average June–August PalmerDrought Severity Index (PDSI) between 1999 and 2001 computed from theCook et al
PSDI dataset [23]. Brown-increasing drought conditions, blue-increasing wet conditions.Most ofMongolia has PDSI values
exceeding−4 signifying extreme drought conditions.
7
Environ. Res. Lett. 10 (2015) 074012 MPRao et al
accompanied by a dismantling of safety nets like
fodder storage structures, which during adverse cli-
matic events had the potential to lessen the impact of
climate on livestock [8]. Prior to the 1990s these
herding collectives were responsible for subsidized
transportation for herders, veterinary healthcare for
livestock, maintenance of watering wells, coordinated
‘haymaking’ for winter forage, and for providing a
market for livestock [42, 43].
The percentage of mortality in each year, overall
mean mortality for Mongolia, and a best-fit linear
trend are plotted in figure 4(a). Years where all aimags
recorded high mortality (i.e. greater than 6%) are
1966, 1967, 1968, 1977, 2000, 2001, 2002, 2003 and
2010. The worst mortality events in our period of ana-
lysis were in 2001, and 2010 when 17%, and 20% of
total livestock perished respectively. These events were
especially severe in the Northwestern aimags of Zav-
khan, Arkhangai, and Khovsgol in 2001, and Ovor-
khangai, Zavkhan, Dundgovi, and Govi-Altai in 2010
(figure 3). IBLIP has been using a mortality rate of 6%
to trigger payments by soum (county) and species.
Using this definition, 1980, 1983, and 1993 do not
cross the 6% threshold when averaged across all of
Mongolia, even though, these events still saw a high
loss of livestock (figure 4(a)). The most severe con-
tinuous mortality event occurred between 2000 and
2003, whereas 2009–2010 was the most severe single
event. In fact, the 2009–2010 event is ranked as the
most severe mortality event in Mongolia since
1944–1945 when the national mortality rate was 33%
[3, 43]. A box plot of the mean mortality time series
from figure 4(a) is shown in figure 4(b), along with its
kernel density estimate in 4(c) (solid black line), and
cdf in 4(d). Dotted lines in 4(c) are the kernel density
estimates for each of the 21 aimags. From figures 4(b)
through (d) we surmise that the mean mortality
timeseries shows skew, most years clustered around a
low mortality of ∼3.7%. However, high mortality
events such as those greater than 10% shownon-negli-
gible probabilities. The probability of exceedance of
6% mortality in any given year (used to trigger insur-
ance payouts) for all of Mongolia is 26%. Approxi-
mately 50% of the time mortality is below 4.2%, and
the exceedance probability of 8.7%mortality is 10%.
3.3. Climate andmortality
3.3.1. Temperature
We find an inverse relationship between temperature
andmortality.Mean percentagemortality inMongolia
is significantly inversely correlated to preceding winter
temperatures between November and February
(P< 0.05, 2-sided t-test, 1955–2013, figure 5(a)). This
inverse response is spread across much of Central and
East Asia. Thus, cold winters in the prior season are
linked to increased incidences of mortality, recorded
during a census of animals in December of the current
year. The region of strongest correlation to tempera-
ture is very similar to the first EOF mode of winter
temperatures for Central and East Asia shown by
Yatagai and Yasunari [47], possibly indicating coher-
ence in winter temperature variability in this broad
region.
When NDJF temperatures for a grid box covering
all of Mongolia are averaged, they show a significant
inverse relationship with mortality. The correlation of
percentage mortality in each aimag and prior NDJF
temperature is shown in figure 5(b). The strongest
negative correlations are seen over Khovsgol, Arkhan-
gai, Tov, and Dornogovi. When percentage mortality
is averaged over the entire country the correlation
between NDJF temperature and mortality was found
to be −0.44 (P= 0.0004, 2-sided t-test, 1955–2013).
Almost every year where high mortality was recorded
Figure 6.AdjustedR squared (for degrees of freedom) frommodel fit of percentagemortality based on stepwise linearmultiple
regressionmodel with interaction usingNDJF temperature, PC1 and PC3 of each JAS precipitation, PDSI, and PET.Median value of
adjustedR squared is 48.4%.
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(1957, 1960, 1966, 1967, 1968, 1977, 2001, 2010) was
preceded by a colder than normal winter or dzud
(figure 5(c)). Interestingly the period in the 1990s
where livestock numbers saw an almost exponential
increase also coincided with the warmest decade of
winter temperatures over the previous half-century.
The average winter NDJF mean temperature between
1988 and 1998 was −17.52 °C, more than 1.5 °C war-
mer than the −19.12 °C average winter temperature
between 1954 and 2012. This was also the warmest
decade of the entire twentieth century (figure S3).
However, the winters of 1999 and 2000 were much
colder than those of the previous decade (figure 5(c)).
This sudden drop in temperature, coupled with the
dramatic increase in livestock numbers, along with
summer droughts (see following subsection on
drought), contributed to the widespread mortality
observed during these years, as many of the new inex-
perienced herders were unaccustomed to such harsh
weather [10] (see discussion), and the lack of safety
nets [42, 43]. The year 2009–2010 has been docu-
mented as the most severe mass mortality event in
recorded in the history of Mongolia, exceeded only by
the 1944–1945 event [3, 43]. Average temperatures
between November and February 2009–2010 were
−22.05 °C, almost 3 °C colder than the 1954–2012
average of −19.12 °C. While 1944–1945 is outside the
timeframe of our analysis, in fact the winter of
1944–1945 appears to have been the coldest winter in
Mongolia ever recorded in the instrumental data over
the entire twentieth century, though instrumental sta-
tions in this region are few and sparse prior to the
1930s (figure S4).
3.3.2. Precipitation, drought, and potential
evapotranspiration
In addition to occurring following a period of anom-
alously coldwinters, the highmortality recorded in the
years 2000, 2001, 2002 and 2003 also followed one of
theworst large-scale droughts in instrumental records.
Three successive years of summer drought occurred
between 1999 and 2001, and this drought was espe-
cially severe in the mid-latitudes regions of Central
and East Asia [48–50]. The underlying process of
animals surviving a very short summer with poor
growing conditions (drought), and then needing to
face the harsh Mongolian winter, followed by drought
again, very likely explains the sequence of mortality
from 2000 to 2003. Following the 1997 El Niño, the
strongest of the twentieth century [51], the 1998–2002
period saw protracted cold La Niña conditions in the
Eastern equatorial Pacific, and concurrent anomalous
warming in the Indo-Pacific [48]. Lotsch et al [52]
noted that these extended La Niña conditions, which
caused much of the precipitation deficits, were also
reinforced by a documented phase shift of the Pacific
DecadalOscillation into a negative (cold) episode.
We found that the PC scores of EOF1 of prior year
July through September (JAS) precipitation which
loaded negatively on all of Mongolia (figure S5) and
explained 24.2% of the total variance of precipitation
in these months correlated positively withmortality in
aimags of Southern and Western Mongolia
(figure 5(d)). This indicates that dry conditions also
drive mortality. The extreme positive values of PC1
between 2000 and 2002 (figure S5) shows that the
severity of the drought during this period is unprece-
dented compared to the previous century. The severity
of the drought over Mongolia is also illustrated in
figure 5(e), by the July–September (JAS) PDSI—[28]
conditions. The PDSI is an index of soil moisture con-
ditions, where negative values indicate drought like
conditions, and positive values wet conditions. During
1999–2001, the JJA PDSI was below negative four over
Mongolia and Northeast Asia signifying extreme
drought. PC1 and PC3 of JAS precipitation, PDSI, and
PET also showed a similar relationship to mortality
(figures S5–S7).
A comparison of the severity of the 1999–2001
drought with tree-ring based paleoclimate reconstruc-
tions [28, 53, 54] and instrumental records [29, 30]
showed this to be one of the worst droughts for all of
Mongolia in the past half millennium (figure S8). This
drought had a severe impact on available freshwater
resources, causing critical lakes to dry up [55]. Forage
resources became extremely scarce, and combined
with the unusually colder winters this led to the wide-
spread livestockmortality [56].
3.4. Stepwisemultiple regressionmodel
In section 3.3 we found mortality was most strongly
linked to cold winters (NDJF temperature) and
summer drought conditions (PC1 and PC3 of each
PDSI, precipitation, and PET). Based on this result we
developed a stepwise multilinear regression model
using each of the above at a potential predictor. Our
model was allowed to contain an intercept, linear
terms, interactions, and squared terms. Interactions
were included to remove potential redundancy from
using PDSI, precipitation, and PET as predictors when
each of themmight be highly correlated to each other.
We started with all possible predictors, and allowed
both forward and backward iterations till the AIC
score wasminimized. A separate model was developed
for each aimag to gauge the varying influence of
climate of mortality. The adjusted R squared (for
degrees of freedom) based on this model is shown in
figure 6. Median adjusted R squared for the entire
country is 48.4%. Adjusted R squared values are
greater than 50% for Arkhangai (67.3%), Ulaanbaatar
(60.1%), Khentii (58.1%), Dornod (56.4%), Khovsgol
(56.1%), Sukhbaatar (53.7%) Orkhon (53.6%), Bul-
gan (52.7%), Tov (52.2%), Zavkhan (51.7%). Details
on the final predictors retained can be found in table
S1. Figure S9 showsmodel fit plotted against the actual
percentagemortality data.
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4.Discussion
We have found that livestock mortality in Mongolia is
strongly related to winter temperature variability, and
this relationship has been stable over time. Every
major mortality event (1945, 1957, 1966, 1967, 1968,
1977, 2000, 2001, and 2010) has been recorded
following an anomalously cold winter. The decade of
1988–1999, one with extremely low mortality, was the
warmest period of time in winter temperature in the
entire twentieth century. Thewinter of 2009–2010was
the coldest since 1944–1945, and consequently led to
the second worst recorded livestock mortality event in
Mongolia. Despite the fact winter temperatures have
warmed by over 2.5 °C over the last century over
Mongolia (albeit stabilized recently—figure S3), the
recent spate of high mortality events over the past
decade reemphasizes that even in a period of general
warming, year-to-year climatic variability and
extremes impact livestockmortality.
We also find that there are important regional dif-
ferences in mortality, and that mortality in the pro-
vinces of central Mongolia (Tov, Arkhangai,
Khovsgol, Dornogovi, Zavkhan, Khenti), that have the
highest densities of livestock, are most sensitive to
extreme cold-winter type dzud events (figure 5(b)).
Prior year JAS precipitation on other hand shows the
highest relationship with mortality in the relatively
more arid South and Southerwestern aimags of the
country (figure 5(d)). Furthermore, the highmortality
recorded between 2000 and 2002 occurred following a
series of drought years between 1999 and 2001, sug-
gesting exacerbated effects on available forage and
fresh water resources during consecutive droughts
[55–57].
Based on the results of our stepwise multiple
regressionmodel we show that climate is an important
driver of mortality. The model, which uses NDJF tem-
perature, and PC1 and PC3 of precipitation, PDSI, and
PET as potential predictors of mortality, has a median
adjustedR square of 48.4% forMongolia.We find that
while temperature is the dominant driver of mortality
for all of Mongolia, precipitation and summer
drought are also important drivers especially in South-
ern and Western Mongolia. Studies have shown that
the twentieth century has been one of thewettest of the
past millennium over Mongolia [54, 58, 59], with the
exception of the drought between 1999 and 2001.
Hence, a potential shift to a more arid climate regime
in the future due to increases in evapotranspiration
with climate warming might increase the vulnerability
of livestock to drought.
The 1990s also overlapped with an exponential
increase in the absolute numbers of livestock. The
sharp increase of livestock number during this period
was directly related to the increasing market price of
livestock products like meat and cashmere. After the
collapse of the Soviet Union many Mongolians
returned to the traditional practice of herding, but
many of these herders were inexperienced [17, 39].
Thus, it is possible that inexperience together with
increasing numbers of animals and the lack of safety
nets, left herders extremely unprepared for the
extreme climatic events discussed above. Fernandez-
Gimenez and Khishigbayar [10] have also noted that
the turn of the century dzud events not only devastated
livelihoods, but also caused many of these inexper-
ienced herders to give up herding completely, which
resulted in a mass migration to urban centers like
Ulaanbatar. This reveals the huge human cost of mor-
tality, where climate not only has caused the mortality
of livestock but also contributed to the loss of liveli-
hoods, and culture.
The Government of Mongolia is undertaking
important policy measures, both to promote indus-
trial activities such as mining, and for environmental
conservation through the demarcation of ‘protected
areas’ [33, 60]. These policies have been in direct con-
flict with herding. For example mining has now
become one of the largest consumers of freshwater
resources in this arid landscape, and has also resulted
in large tracts of land becoming unavailable for fora-
ging [61]. At the same time, many traditional grazing
areas are now ‘protected’, and thus no longer acces-
sible to herders [33]. As access to freshwater and pas-
ture is the staple of livestock rearing and Mongolian
culture, and there is a potential for increasing drought
risk in this region [58, 62, 63], it will be critical to find a
sustainable balance between these competing eco-
nomic and political interests. Likewise, there is an
urgent need to concurrently develop resilience to
harsh winter weather through climate early warning
systems and fodder storage structures. In fact, doing so
is even more pertinent when considering that recent
severe Eurasian winters is likely a product of Arctic
sea-ice melt, and that this trend is projected to con-
tinue into the near future [64, 65]. Lastly, an improved
baseline understanding ofmortality and its forcing has
potential to improve products like the recently intro-
duced IBLIP.
5. Conclusions
Our study shows that widespread mass mortality of
livestock in Mongolia is caused primarily by anom-
alously cold winters. We also find that preceding
summer drought can also exacerbate mortality. Based
on this result we develop a stepwise multiple regres-
sion model to examine the role that climate plays as a
density independent driver of mortality. A better
understanding of this relationship between mortality
and climate is critical to both predict and mitigate the
impacts of future climatic events on the lives of herders
and the livestock themselves. The current Mongolian
IBLIP only uses past population statistics to determine
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payouts to herders. We feel that based on the relation-
ship between climate and mortality shown in this
study climate information temperature and drought
information have potential considered as potential as
climate indices in the IBLIP. The 6% mortality rate
used by the to trigger payouts was found to have a
probability of exceedance of 26% per year. While in
this paper we only examine the impact of climate on
mortality, population density dependent factors such
as over-grazing often exacerbate the effect of climate.
Therefore, understanding these complex relationships
both independently and in conjunction with climate
will be critical for help mitigate future mass livestock
mortality.
Acknowledgments
The authors thank the four anonymous reviewers. The
authors are grateful to the Government of Mongolia
and all individuals involved in collecting and recording
the livestock records. Without these detailed collec-
tions every year it would have been impossible to
conduct these analyses. The authors thank Dr
Upmanu Lall and Mr. Colin Raymond, (Columbia
University) for suggestions with statistical analysis. M
P R thanks Dr Benjamin I. Cook (NASA-GISS) for
assistance in generating figures. The authors dedicate
this paper to the memory of Dr Gordon C Jacoby. We
acknowledge NSF AGS award #1137729, and funding
from the Asia Pacific Adaptation Network (APAN).
LDEO contribution number: 7914.
References
[1] Buckley BM, Fletcher R andWang S-Y S Zottoli B and
Pottier C 2014Monsoon extremes and society over the past
millenniumonmainland Southeast AsiaQuat. Sci. Rev. 95
1–19
[2] Gadgil S andKumarKR 2006TheAsianmonsoon—
agriculture and economyTheAsianMonsoon (Berlin:
Springer) p 651–83
[3] Sternberg T, ThomasD andMiddletonN2011Drought
dynamics on theMongolian steppe, 1970–2006 Int. J.
Climatol. 31 1823–30
[4] Morinaga Y, Tian S F and ShinodaM2003Winter snow
anomaly and atmospheric circulation inMongolia Int. J.
Climatol. 23 1627–36
[5] Fernandez-GimenezME, Batkhishig B andBatbuyanB 2012
Cross-boundary and cross-level dynamics increase
vulnerability to severewinter disasters (dzud) inMongolia
Glob. Environ. Change-Hum. PolicyDimens. 22 836–51
[6] Batjargal Z, OyunR, TogtokhN and Sangidansranjav S 2002
Lessons learnt from the dzud 1999–2000 Fundamental Issues
Affecting Sustainability of theMongolian Steppe (Ulaanbataar:
IISCN) pp 73–98
[7] Begzsuren S, Ellis J E, OjimaDS, CoughenourMB and
ChuluunT 2004 Livestock responses to droughts and severe
winter weather in theGobi Three BeautyNational Park,
Mongolia J. Arid Environ. 59 785–96
[8] Sternberg T 2010UnravellingMongolia’s extremewinter
disaster of 2010Nomadic Peoples 14 72–86
[9] Janzen J 2000 Present state of development and perspectives
after ten years of transformationBerliner Geowissenschaftliche
Abh.A 205 149–52
[10] Fernandez-GimenezME andKhishigbayar J (ed) 2005
Reflections onMongolia’s 2002 land law: implications for
herders and rangelands Int. Symp.:MongolianNomadic Society
and LandOwnership, AComparative Study on Land
Privatization in Transitional Countries Center for Asian Legal
Exchange (NagoyaUniversity, Nagoya, Japan)
[11] MahulO and Skees J R 2007Managing Agricultural Risk At the
Country Level: The Case of Index-Based Livestock Insurance in
Mongolia World Bank Policy ResearchWorking Paper (4325)
[12] National Statistical Office ofMongolia 2008Mongolian
Statistical Yearbook 2007 (Mongolia: National StatisticalOffice
ofMongolia)
[13] Fernandez‐GimenezME andAllen‐Diaz B 1999Testing a
non‐equilibriummodel of rangeland vegetation dynamics in
Mongolia J. Appl. Ecol. 36 871–85
[14] Chakravarti J S 1920Agricultural Insurance: A Practical Scheme
Suited to IndianConditions (Bangalore, India: Government
Press)
[15] Skees J,Hazell P B andMirandaM1999NewApproaches to
Crop Yield Insurance inDeveloping Countries International
Food Policy Research Institute (IFPRI)
[16] MahulO, BeleteN andGoodlandA 2009 Innovations in
Insuring the Poor: Index-Based Livestock Insurance inMongolia
(WashingtonDC : International Food Policity Reserach
Institute) (wwwifpriorg/sites/default/files/publications/
focus17_09pdf)
[17] Skees J R and Enkh-Amgalan A 2002Examining the Feasibility
of Livestock Insurance inMongoliaWorld Bank Publications
[18] Bell AR et al 2013 Paleoclimate histories improve access and
sustainability in index insurance programsGlob. Environ.
Change-Human Policy Dimens. 23 774–81
[19] HellmuthM,OsgoodD,MoorheadA andBhojwaniH 2009
Index Insurance andClimate Risk: Prospects forDevelopment
andDisasterManagement International Research Institute for
Climate and Society (IRI), ColumbiaUniversity
[20] MahulO and Stutley C J 2010Government Support to
Agricultural Insurance: Challenges andOptions forDeveloping
CountriesWorld Bank Publications
[21] McSharry P 2014The role of scientificmodelling and
insurance in providing innovative solutions formanaging the
risk of natural disastersReducingDisaster: EarlyWarning
Systems for Climate Change (Berlin: Springer) pp 325–38
[22] Luxbacher K andGoodlandA 2011World Resources Report
Case Study Building Resilience to ExtremeWeather: Index-Based
Livestock Insurance inMongolia WorldResources Report,
Washington, DC (www.worldresourcesreport org)
[23] MahulO and Skees J 2006Piloting Index-Based Livestock
Insurance inMongoliaWorld Bank,Washington,DC (http://
documentsworldbankorg/curated/en/2006/03/7451188/
piloting-index-based-livestock-insurance-mongolia)
[24] Tachiiri K, ShinodaM,Klinkenberg B andMorinaga Y 2008
AssessingMongolian snow disaster risk using livestock and
satellite data J. Arid Environ. 72 2251–63
[25] PalmerWC1965Meteorological Drought (Washington, DC,
USA :USDepartment of Commerce,Weather Bureau)
[26] Sternberg T 2013Hazards and human-environment systems
in theGobiDesert, Asia J. Geogr. Nat. Disast. 3 106
[27] Harris I, Jones P,OsbornT and Lister D 2014Updated high‐
resolution grids ofmonthly climatic observations–theCRU
TS3. 10Dataset Int. J. Climatol. 34 623–42
[28] Cook ER, Anchukaitis K J, Buckley BM,D’ArrigoRD,
JacobyGCandWrightWE2010Asianmonsoon failure and
megadrought during the lastmillennium Science 328 486–9
[29] Dai A, TrenberthKE andQianTT2004A global dataset of
PalmerDrought Severity Index for 1870–2002: relationship
with soilmoisture and effects of surfacewarming
J. Hydrometeorol. 5 1117–30
[30] Schrier G, Barichivich J, Briffa K and Jones P 2013A scPDSI‐
based global data set of dry andwet spells for 1901–2009
J. Geophys. Res.: Atmos. 118 4025–48
[31] Hastings DA andDunbar PK 1999Global land one-kilometer
base elevation (GLOBE)Digital ElevationModelKey to
Geophysical RecordsDocumentation (KGRD) 34
11
Environ. Res. Lett. 10 (2015) 074012 MPRao et al
[32] BedunahD J and Schmidt SM2000Rangelands ofGobi
Gurvan SaikhanNational Conservation Park,Mongolia
Rangelands Arch. 22 18–24
[33] BedunahD J and Schmidt SM2004 Pastoralism and protected
areamanagement inMongolia’s Gobi Gurvansaikhan
National ParkDev. Change 35 167–91
[34] CooleyWWandLohnes PR 1971Multivariate DataAnalysis
(NewYork:Wiley)
[35] Scoones I, Behnke RH,KervenC and Secretariat C 1993Range
Ecology atDisequilibrium: NewModels of Natural Variability
and Pastoral Adaptation in African Savannas Overseas
Development Institute
[36] Vetter S 2005Rangelands at equilibrium and non-equilibrium:
recent developments in the debate J. Arid. Environ. 62 321–41
[37] Hilker T,Natsagdorj E,Waring RH, Lyapustin A andWangY
2014 Satellite observedwidespread decline inMongolian
grasslands largely due to overgrazingGlobal Change Biol. 20
418–28
[38] Sternberg T, TsolmonR,MiddletonN andThomasD 2011
Tracking desertification on theMongolian steppe through
NDVI andfield-survey data Int. J. Digit. Earth 4 50–64
[39] Suttie J 2005Grazingmanagement inMongoliaGrasslands of
theWorld vol 34 (Rome, Italy: Food andAgriculture
Organization of theUnitedNations) p 265
[40] Yan L, ZhouG andZhang F 2013 Effects of different grazing
intensities on grassland production inChina: ameta-analysis
PloSOne 8 e81466
[41] Sternberg T 2014Transboundary hazard risk: theGobi desert
paradigmNat.Hazards 72 533–48
[42] JohnsonDA, SheehyDP,Miller D andDamiranD2006
Mongolian rangelands in transition Science et Changements
Planétaires/Sécheresse 17 133–41
[43] Reading RP, BedunahD J andAmgalanbaatar S 2006
Conserving biodiversity onMongolian rangelands:
implications for protected area development and pastoral uses
USDAForest Service Proc.
[44] BruunOandOdgaardO 2013Mongolia in Transition: Old
Patterns, NewChallenges (London: Routledge)
[45] Arulpragasam J, Goletti F, Atinc TMand SongweV 2004
Trade in sectors important to the poor: rice inCambodia and
Vietnam andCashmere inMongolia Integrates (Washington,
DC:World Bank) p 149
[46] Berger J, Buuveibaatar B andMishra C 2013Globalization of
the cashmeremarket and the decline of largemammals in
central AsiaConserv Biol. 27 679–89
[47] Yatagai A andYasunari T 1994Trends and decadal-scale
fluctuations of surface air temperature and precipitation over
China andMongolia during the recent 40 year period
(1951–1990) J.Meteor. Soc. Japan 72 937–57
[48] HoerlingMandKumar A 2003The perfect ocean for drought
Science 299 691–4
[49] Waple AMandLawrimore JH 2003 State of the climate in
2002Bull. Am.Meteorol. Soc. 84 S1–68
[50] ZengN,QianH, RoedenbeckC andHeimannM2005 Impact
of 1998–2002midlatitude drought andwarming on terrestrial
ecosystem and the global carbon cycleGeophys. Res. Lett. 32
L22709
[51] McPhadenM J 1999Genesis and evolution of the 1997–98 El
Nino Science 283 950–4
[52] LotschA, FriedlMA,Anderson BT andTucker C J 2005
Response of terrestrial ecosystems to recentNorthern
Hemispheric droughtGeophys. Res. Lett. 32 L06705
[53] Davi N et al 2010Reconstructing drought variability for
Mongolia based on a large-scale tree ring network: 1520–1993
J. Geophys. Res. 115D22103
[54] PedersonN,Hessl A E, BaatarbilegN, Anchukaitis K J and
Di CosmoN2014 Pluvials, droughts, theMongol Empire, and
modernMongoliaProc. Natl Acad. Sci. 111 4375–9
[55] Batima P,Natsagdorj L, Gombluudev P and Erdenetsetseg B
2005Observed climate change inMongoliaAssess. Imp. Adapt.
Clim. ChangeWork Pap. vol 12 pp 1–26
[56] Sheffield J andWoodE F 2012Drought: Past Problems and
Future Scenarios (London: Routledge)
[57] Davi N et al 2015A long-term context (931–2005CE) for
rapidwarming over Central AsiaQuat. Sci. Rev. 121 89–97
[58] Davi NK, PedersonN, LelandC,Nachin B, Suran B and
JacobyGC2013 Is EasternMongolia drying? A long-term
perspective of amultidecadal trendWater Resour. Res. 49
151–8
[59] PedersonN et al 2013Three centuries of shifting
hydroclimatic regimes across theMongolian Breadbasket
Agric. ForestMeteorol. 178 10–20
[60] ByambaaB andTodoY2011Technological impact ofplacer
goldmine onwaterquality: caseof Tuul river valley in the
ZaamarGoldfield,MongoliaWorldAcad. Sci. Eng. Tech.51168
[61] Suzuki Y 2013Conflict betweenmining development and
Nomadism inMongoliaTheMongolian EcosystemNetwork
(Berlin: Springer) pp 269–94
[62] Dai AG 2011Drought under global warming: a reviewWiley
Interdisciplinary Reviews-Clim. Change 2 45–65
[63] Sheffield J andWoodE F 2008 Projected changes in drought
occurrence under future global warming frommulti-model,
multi-scenario, IPCCAR4 simulationsClim.Dyn. 31 79–105
[64] Cohen J et al 2014Recent Arctic amplification and extreme
mid-latitude weatherNat. Geosci. 7 627–37
[65] MoriM,WatanabeM, ShiogamaH, Inoue J andKimotoM
2014Robust Arctic sea-ice influence on the frequent Eurasian
coldwinters in past decadesNat. Geosci. 7 869–73
12
Environ. Res. Lett. 10 (2015) 074012 MPRao et al
